The effects of chronic inhibition of ornithine decarboxylase (ODC) by the specific inhibitor difluoromethylornithine (DFMO) in the rat colon and small intestine on mucosal contents of polyamines, decarboxylated S-adenosylmethionine (decarboxylated AdoMet) and S-adenosylmethionine decarboxylase (AdoMet decarboxylase) activity were studied. Administration of 1 Qo DFMO in the drinking water for 10 or 15 weeks resulted in inhibition of ODC and decreases in intracellular putrescine and spermidine contents in both proximal and distal segments of small intestine and colon. At both time points DFMO administration resulted in a dramatic stimulation of AdoMet decarboxylase activity and a rise in decarboxylated AdoMet content in the proximal and distal small-intestinal segments compared with controls, which was not seen in either colonic segment of DFMO-treated animals. This differential stimulation of AdoMet decarboxylase by DEMO in the small intestine and colon could not be entirely explained on the basis of differences in polyamine contents, which are known to regulate this enzyme activity. Kinetic and inhibition studies of AdoMet decarboxylase in control small and large intestine revealed that: (1) there was no difference in Vmax values between the tissues; (2) the Km for AdoMet was higher in the small intestine than in the colon; and (3) the K1 for product inhibition by decarboxylated AdoMet was higher in the small intestine than in the colon. These results suggest that the differential stimulation of AdoMet decarboxylase by DFMO in the small intestine and colon may be due to different isoenzymes and could play a significant role in the regulation of polyamine contents throughout the gut.
INTRODUCTION
Polyamines are cationic compounds essential to the normal processes of cellular proliferation and differentiation (Tabor & Tabor, 1984; Pegg & McCann, 1982; Heby, 1981) . Elevated contents of polyamines are associated with rapidly proliferating tissues (Janne et al., 1978) , and such increases have been found in manyhuman neoplasms, including colorectal carcinoma (Kingsnorth & Wallace, 1985; LaMuraglia et al., 1986; Porter et al., 1987) . Increases in ornithine decarboxylase (ODC; EC 4.1.1.17), the initial and rate-limiting enzyme of polyamine biosynthesis, have also been described in human colonic adenomas and carcinomas (Rozhin et al., 1984; LaMuraglia et al., 1986; Herrera-Ornelas et al., 1987) . Furthermore, during chemically induced colon carcinogenesis in the rodent, intestinal ODC activity has been found to be increased after administration of various colonic carcinogens (Ball et al., 1976; Takano et al., 1981; Luk et al., 1986) , whereas concomitant administration of the specific ODC inhibitor difluoromethylornithine (DFMO) with these carcinogens results in a marked decrease in tumour yield (Kingsnorth et al., 1983; Rozhin et al., 1984) .
The mechanism by which DFMO inhibits the formation of chemically induced tumours is uncertain, but appears to be due, at least in part, to the depletion of intracellular polyamines, particularly putrescine and spermidine (Kingsnorth et al., 1983) . In this regard, DFMO is also known to stimulate indirectly S-adenosylmethionine (AdoMet) decarboxylase (EC 4.1.1.50), another rate-limiting enzyme involved in the synthesis of spermidine and spermine (Oredsson et al., 1986) . This increase in DFMO-induced AdoMet decarboxylase activity, together with putrescine and spermidine depletion secondary to ODC inhibition, results in accumulation of decarboxylated AdoMet [S-adenosyl-(5')-deoxy-(5')-3-methylthiopropylamine], the aminopropyl donor for the conversion of putrescine into spermidine and spermidine into spermine (Mamont et al. 1982) . Such DFMOinduced increases in decarboxylated AdoMet, which at times may be elevated several hundred fold, can potentially affect various aspects of cellular metabolism (Zappia et al., 1969; Pegg et al., 1982b Pegg et al., , 1986 . From these observations, it has therefore been suggested that the increases in decarboxylated AdoMet may also be important in the anti-proliferative effect of DFMO (Pegg et al., 1986 decarboxylase activities. Since previous studies (Luk et al., 1987) have indicated that distal, but not proximal, chemically induced colonic tumours were inhibited by administration of DFMO, regional differences in these biochemical parameters in the large and small intestine were also evaluated. The results of these studies serve as the basis for the present paper. All enzyme assays were performed on cytosolic fractions of mucosal homogenates taken from rats starved overnight. Mucosa from proximal and distal segments of colon and small intestine was scraped and homogenized in 50 mM-Tris/HCl buffer (pH 7.4)/5 mM-dithiothreitol in a Brinkman Polytron at setting 4 for 60 s (4 x 15 s). Homogenates were then centrifuged at 105000 g for 60 min, and the supernatant were used as the enzyme source. Protein was determined by the method of Bradford (1976) .
MATERIALS AND METHODS
ODC was assayed by a modification of the method of Pegg & Williams-Ashman (1968) as described by Steeves & Lawson (1985) . The reaction mixture consisted of 50 mM-Tris/HCl (pH 7.4), 5 mM-dithiothreitol, 0.2 mMpyridoxal phosphate, 0.2,uCi of L-[1-14C]ornithine and 0.5-1.0mg of protein in a final volume of 0.3 ml. The reaction was incubated at 37°C in the 16 mm x 100 mm glass tube sealed with a rubber stopper supporting a centre well (Kontes, Morton Grove, IL, U.S.A.). The released 14CO2 was trapped on a disc of Whatman GFA glass-fibre filter paper soaked with 200 ,pl of NCS (Amersham, Arlington Heights, IL, U.S.A.) in the suspended centre well. The reaction was stopped at 30 min by injecting 0.5 ml of 2 M-HCI through the rubber stopper and then leaving the mixture at room temperature for 30 min to trap the released 14C02 completely. The filter paper was then removed and placed in a scintillation vial containing 2 ml of ethanol; 10 ml of Scintiverse E was added and radioactivity measured in a Beckman LS 6800 liquid-scintillation spectrometer.
AdoMet decarboxylase was assayed by the method of Steeves & Lawson (1985) . The reaction mixture contained 50 mM-Tris/HCI, pH 7.4, 5 mM-dithiothreitol, 2.2 mMputrescine, 0.2 ,uCi ofAdo['4C]Met (59.6 mCi/mmol) and 0.5-1.0 mg of protein in a final volume of 0.3 ml. The mixture was incubated for 30 min in a shaking water bath at 37°C, and released 14CO2 was trapped and measured as described above. The binding constant, Ki,m and the maximal velocity of AdoMet decarboxylase were determined by varying the concentration of AdoMet from 10 to 250 /tM and calculating the abscissa and ordinate intercepts of a Lineweaver-Burk plot. The inhibitory constant, Ki, for decarboxylated AdoMet was measured by addition of this compound to the assay mixture at concentrations in the range 10-70 IuM.
Determination of polyamines and decarboxylated AdoMet
The cellular contents of putrescine, spermidine, spermine and decarboxylated AdoMet were determined by reversed-phase h.p.l.c. by the method of Wagner et al. (1984) .
Sample preparation of colonic and small-intestinal mucosa was accomplished by rapid tissue removal, rinsing with iced 0.90 NaCl, dividing into proximal and distal portions, and scraping into 0.2 M-HCl04 (approx. I g tissue wet wt. per 5-10 ml of acid). Samples were homogenized as described above, centrifuged at 10000 g for 30 min to remove precipitated proteins and then filtered through a 0.22,tm-pore-size membrane (Millex-GV; Millipore, Bedford, MA, U.S.A.). Samples (25-100,A) were then directly injected on to the h.p.l.c. column for separation and analysis. Sample components were stable when kept at 4°C for weeks or -70°C for several months, The h.p.l.c. system consisted of two pumps, model 6000A and M45, controlled by a model 680 automated programmer, a WISP 710A autosampler and a model 481 spectrophotometer from Waters (Milford, MA, U.S.A.). Post-u.v.-detector derivative formation of polyamines with phthalaldehyde was accomplished with a P-3 peristaltic pump (Pharmacia, Uppsala, Sweden), and derivatives were analysed in a model 2070 fluorescence spectrofluorimeter from Varian (Sugarland, TX, U.S.A.), with excitation and emission wavelengths of 340 nm and 455 nm respectively. Detector outputs were integrated on model 3393 integrators (Hewlett-Packard, Naperville, IL, U.S.A.).
RESULTS

Effects of DFMO on polyamines and ODC activity
In agreement with the previous results of Hosomi et al. (1986) , the contents of putrescine and spermidine in control animals were significantly lower in both segments of the colon compared with values in the proximal and distal small intestine (Table 1 ). Such differences were not seen for spermine, and thus the ratios of putrescine/ spermine and spermidine/spermine were higher in the small intestine than in the colon. ODC activities were also higher in the small intestine than in the colon of control animals (Table 1) , a finding previously noted by several laboratories (Luk et al., 1982; Rozhin et al., 1984; Tabata & Johnson, 1986) .
As shown in Table 1 , administration of 1 % DFMO in the drinking water of animals for 10 or 15 weeks resulted in inhibition of ODC activity in all intestinal segments compared with their control counterparts. Although the 1989 subsequent fall in colonic putrescine and spermidine contents in response to DFMO treatment was significant (P < 0.05), the percentage decrease in these polyamines was not as great as that found in the small intestine. The putrescine contents in the small intestine fell to approx. 100 of control values, whereas colonic contents fell to about 400 of their control values. Spermidine, which showed a 600 decrease in the small intestine in response to DFMO, showed only a 20 40 o fall in the proximal and distal colon at 10 and 15 weeks. This apparent resistance to DFMO and depletion of polyamines in the colon may in part be due to bacterial production of polyamines within the lumen and subsequent uptake by colonocytes (Tabata & Johnson, 1986) . Spermine, however, was found to increase in response to ODC inhibition by DFMO in both the small intestine and the colon at these time periods. This latter phenomenon has previously been reported in other organs, and may be due to incomplete inhibition of ODC by DFMO, with enhanced synthesis of spermine owing to an excess of the aminopropyl donor, decarboxylated AdoMet (Pegg, 1988) . In addition, decreased inhibition of spermine synthase activity secondary to depletion of putrescine, a known inhibitor of this enzyme (Oredsson et al., 1980) , may also be important.
Effects of DFMO on decarboxylated-AdoMet contents and AdoMet decarboxylase activity
In control animals, the AdoMet decarboxylase activities and the tissue contents of its products, decarboxylated AdoMet, were comparable in proximal and distal segments of the small intestine and colon at the 10-and 15-week periods (Table 2 ). There was, however, a marked difference in the stimulation of AdoMet decarboxylase activity in response to DFMO in the small intestine compared with the colon at these times. In the small intestine, AdoMet decarboxylase increased 8-16-fold in the proximal and distal segments, respectively, in response to DFMO administration, whereas the contents of decarboxylated AdoMet increased approx. 50-100-fold at 10 and 15 weeks. This DFMO-induced stimulation of AdoMet decarboxylase activity has been well described in other tissues and cell systems (AlhonenHongisto, 1980; Pegg, 1984; Shirahata & Pegg, 1985) and is believed to be due to depletion of intracellular spermidine, the major negative inhibitor of this enzyme (Mamont & Danzin, 1981) . In contrast with these findings, DFMO administration for 10 and 15 weeks caused only a slight rise in the AdoMet decarboxylase activities and a modest increase in decarboxylated AdoMet in the proximal and distal colonic segments (Table 2) . Although the DFMO-induced stimulation of AdoMet decarboxylase activity was greater at 10 weeks compared with 15 weeks in both proximal and distal segments of small and large intestine, there was no significant difference in the decarboxylated AdoMet contents when respective segments were compared at 10 and 15 weeks (Table 2 ).
These differences in DFMO-induced stimulation of AdoMet decarboxylase activity between the small intestine and colon were most likely due to the greater percentage fall in baseline contents of spermidine in the small intestine compared with the colon (Table 1 ). It has been previously shown, however, that isoenzymes of AdoMet decarboxylase exist, which differ in their Vol. 259 sensitivity to inhibition in vivo in response to spermidine administration (Poso & Pegg, 1981) . In order to explore the possibility that isoenzymes of AdoMet decarboxylase might contribute to the differential stimulation ofthis enzyme in response to DFMO, the kinetic parameters Vmax and Km for AdoMet decarboxylase in the small intestine and colon of normal rats were measured. In addition, the kinetics of inhibition by the product, decarboxylated AdoMet, were studied to determine whether this factor could also play a role in the differential stimulation. Studies of AdoMet decarboxylase kinetics Table 3 shows the results of studies of AdoMet decarboxylase kinetics in whole small intestine and colon of control animals. There was no difference in Vmax values for AdoMet decarboxylase between the small intestine and colon. The small-intestinal AdoMet decarboxylase, however, had a Km value for AdoMet of 102 /tM, compared with a value of 51 /tM in the colon. These differences in binding constants between the small intestine and colon suggest that different AdoMet decarboxylase isoenzymes may exist in the two organs. It is noteworthy that other investigators have found differences in Km values for AdoMet decarboxylase in other tissues and that our values in the small intestine and colon agree with those reported for striated muscle (100 /iM) and liver (50 /tM) (Pegg et al., 1982a) .
Further evidence for different AdoMet decarboxylase isoenzymes in the colon and small intestine comes from inhibition studies using decarboxylated AdoMet. This product inhibition of AdoMet decarboxylase has been described previously in other tissues (Janne et al., 1971; Yamanoha & Samejima, 1980) . As shown in Table 3 , the K, value for decarboxylated AdoMet obtained in the small intestine was approximately twice that found in the colon.
In this regard it should be noted that, because the assay procedure (Steeves & Lawson, 1985) was run at less than Vmax conditions, the higher small-intestinal Km would tend to cause underestimation of enzyme activity in the small intestine compared with the colon. Also, because the enzyme samples of DFMO-treated rats were not dialysed, contamination of the assay with decarboxylated AdoMet might yield lower inhibition of the small-intestinal AdoMet decarboxylase activity compared with the colon activity, owing to its higher Ki, and in part could account for the greater stimulation seen in the small intestine. 1989 The present experiments demonstrate for the first time that there is a marked difference in decarboxylatedAdoMet accumulation between the small and large intestine in response to chronic inhibition of polyamine synthesis. This differential accumulation of decarboxylated AdoMet during chronic administration of DFMO can, for the most part, be explained on the basis of differences in the stimulation of AdoMet decarboxylase activity in these two tissues. In both proximal and distal small intestine, the oral administration of DFMO resulted in a marked increase in AdoMet decarboxylase activity, with over a 100-fold increase in decarboxylated AdoMet at 10 weeks and a 40-fold increase at 15 weeks. In both proximal and distal colon, however, there was only a slight rise in AdoMet decarboxylase activity and a minimal accumulation of decarboxylated AdoMet in the DFMO-treated groups at these time periods.
The regulation of AdoMet decarboxylase by intracellular polyamines and the effects of ODC inhibition on this enzyme have been well characterized in a number of cell systems (Mamont et al., 1978; Alhonen-Hongisto, 1980; Pegg, 1984) . Spermidine and spermine are inhibitors of AdoMet decarboxylase, and their intracellular depletion results in increases in intracellular AdoMet decarboxylase enzyme protein (Mamont & Danzin, 1981; Pegg, 1988) . Thus the greater stimulation of AdoMet decarboxylase in the proximal and distal small intestine may in part be explained by a greater percentage fall in the spermidine content in this tissue compared with either segment of colon. This would not appear to be the entire explanation, however, since in the DFMO-treated rats the final intracellular content of spermidine was comparable in all segments of the colon and small intestine. Differences in the content of spermine, which inversely correlate with rates of translation of AdoMet decarboxylase mRNA , also cannot be invoked as an explanation, since spermine contents actually tended to be higher in both the proximal and distal small intestine of DFMO-treated rats compared with the colon. Finally, putrescine, which is a known stimulator of AdoMet decarboxylase activity in vivo (Kameji & Pegg, 1987) , may play some role in the differential stimulation, as intracellular contents tended to be higher in the small intestine compared with the colon of DFMO-treated animals. It seems unlikely, however, that the slight differences in putrescine contents between the colon and small intestine could account for the large difference in stimulation of AdoMet decarboxylase activity in these tissues.
To study further this differential stimulation of AdoMet decarboxylase by DFMO, kinetic analyses of this enzyme were performed in the small intestine and colon of control rats. In this regard, other investigators have now demonstrated AdoMet decarboxylase activity in the liver and psoas muscle, which differ in their Km values, activation by putrescine and sensitivity to inhibition by exogenously administered spermidine (P6so & Pegg, 1981; Pegg et al., 1982a) , which may play an important role in regulation of polyamine metabolism. These results, taken together with the present data, therefore suggest that the higher contents of spermidine found in the small-intestinal segments compared with their colonic counterparts may be due to differential sensitivity of AdoMet decarboxylase in these tissues to inhibition by spermidine.
Finally, the question arises as to what is the physiological significance of decarboxylated-AdoMet accumulation, and could this play any role in the anti-tumorigenic effect of DFMO during chemically induced colon carcinogenesis? Intracellular concentrations of decarboxylated AdoMet, which are normally maintained low, may rise several hundred-fold in the tissues of DFMO-treated animals. Such accumulations approach the concentrations of decarboxylated AdoMet which have been shown in vitro to inhibit various AdoMetdependent methylation reactions (Zappia et al., 1969) , including DNA methylation (Heby et al., 1988) , which in turn could potentially have an effect on gene expression (Hoffman, 1984) . Pegg et al. (1986) have shown in vivo in SV-3T3 cells that administration of DFMO resulted in accumulation of decarboxylated AdoMet, which then acted as a substrate for histone acetylase, leading to a decrease in acetylation of histones. In view of the fact that alterations in histone acetylation can alter gene expression (Ruiz-Carrillo et al., 1975) , it has been suggested that accumulation of decarboxylated AdoMet may also play an important role in the effects of DFMO treatment on cell proliferation (Pegg et al., 1986) , and therefore perhaps also on the malignant transformation process induced in the colon by various chemical carcinogens.
It is therefore of interest that significant increases in decarboxylated AdoMet were not found in the colonic segments of DFMO-treated rats. A priori, if decarboxylated AdoMet were intimately involved in the anti-tumorigenic effect of DFMO, its content should have been increased in the colon, particularly the distal segment, where this effect of DFMO is most pronounced (Luk et al., 1987) . Previous studies have also shown a dissociation between accumulation of decarboxylated AdoMet and inhibition of cell growth (Mamont et al., 1982; Pegg, 1984; Pegg et al., 1988) . Thus, in DFMOtreated rat hepatoma cells, 1,3,6-triaminohexane reversed the anti-proliferative effects of ODC inhibition, but did not affect the elevated AdoMet decarboxylase activity or decarboxylated AdoMet contents (Mamont et al., 1982) . In DFMO-treated SV-3T3 cells, the elevated decarboxylated-AdoMet content was significantly decreased by addition of sym-norspermidine, which had little effect on reversal of growth inhibition (Pegg, 1984) . Additionally, Pegg et al. (1988) have demonstrated that inhibitors of AdoMet decarboxylase actually blocked growth in L1210 cells. Taken together, these observations along with the present data would strongly suggest that the anti-tumorigenic effects of DFMO previously noted in various experimental models of colonic carcinogenesis Vol. 259 
